Abstract. The emerging field of graphene brings together scientists and engineers as the discovered fundamental properties and effects encountered in this new material can be rapidly exploited for practical applications. There is potential for a two-dimensional graphene-based technology and recent works have already demonstrated the utility of graphene in building nanoelectromechanical systems, complex electronic circuits, photodetectors and ultrafast lasers. The state-of-the-art of substrate-suported graphene growth, and the current fundamental understanding of the electromechanical properties of graphene and graphene nanoribbons, represent important knowledge for developing new applications. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction and Overview of Applications
The discovery of graphene 1 -a single-layer of carbon atoms covalently bonded in a twodimensional hexagonal lattice-has drawn tremendous attention for many areas of fundamental and applied research. Graphene presents a combination of extraordinary material properties, such as high charge carrier mobility (∼200; 000 cm 2 V∕s), 2 tunable optical properties, 3 tunable band gap, 4 flexibility and high Young's modulus (1,100 GPa), 5 robustness and environmental stability, and high thermal conductivity (∼5; 000 W∕mK). 6 Exploiting such properties may enable ground-breaking applications in electronic, 7 including thermal management of nanoelectronics, bio 8 and photonic devices, [9] [10] [11] novel nanoelectromechanical applications, 12 and composite materials. 13, 14 The rich properties of graphene largely arises because of two important aspects: the strength of the bonds that keeps the carbon atoms together and the peculiar electronic structure of the honeycomb lattice. The outstanding mechanical properties, which originate in the sp 2 hexagonal backbone, are attracting more and more mechanical engineers, and the effort is paying off. Recently, electromechanical resonators fabricated from graphene sheets have been reported. 15 The thinnest resonator built using a mono-layer graphene represents the ultimate limit of twodimensional nanoelectromechanical systems. Graphene has also been integrated in complex microfabricated structures to create a new class of membrane-based devices impermeable to standard gas species, including helium. 16 Graphene's fascinating electronic properties, such as being a semi-metal yet optically transparent, are a direct consequence of the delocalized π orbital structure, which gives rise to a unique electronic band structure. The fundamental aspects of the electronic states in graphene have been the focus of many excellent reviews, including Ref. 17 , and therefore will not be repeated here. The conduction band and the valence band energies are in contact only at discrete points within the hexagonal Brillouin zone. Zooming near this K point, the energy dispersion is linear rather than the expected quadratic in the electronic wavevector jkj. This linear dispersion relationship defines two cones in k space whose vertices meet at the K point. Opening a band gap in graphene is one of the most important research topic. A number of approaches have been implemented, such as the application of an uniaxial strain, 18 by cutting graphene into nanoribbons and quantum dots.
Different, but similarly fascinating, properties are exhibited by double-, few-and multi-layer graphene. Consider the electrical domain. The electronic excitations of the mono-layer are described using the Dirac equation, a modified version of the Schrödinger equation that includes the effects of special relativity. Such a treatment gives rise to new quasiparticles, the massless Dirac fermions, which are the charge carriers in graphene. The massless Dirac spectrum of electrons in a single-layer graphene has been thoroughly studied, both theoretically and experimentally. 17 There are dramatic changes in the electronic properties in a few-layer graphene as compared with mono-layer graphene. 19 When two or more layers of graphene are present, the characteristic linearly dispersing bands of the single-layer are either replaced or augmented by pairs of split-hyperbolic bands. These new bands correspond to fermions of finite mass. 20 The electronic properties of graphene have opened new possibilities for reengineering electronic components and circuitry with higher performances. This is a new and rapidly growing field, where the device architecture has evolved from simple to complex circuitry within a short time span. To-date, a high-frequency (>300 GHz) graphene-based transistor 21 has already been demonstrated. A complex graphene circuit 22 was demonstrated in which all circuit components, including graphene field-effect transistors and inductors, were integrated on a single silicon carbide wafer. The integrated circuit operates as a broadband radio-frequency mixer at frequencies up to 10 GHz.
Even in the absence of a band gap, graphene shows remarkable optical properties that makes it very promising for photonic and optoelectronic applications, 9 including transparent conductors, photovoltaic cells, light-emitting devices, saturable absorbers, and lasers. 11 For example, the linear dispersion of the Dirac electrons makes broadband applications possible. Graphene could also be made luminescent. 23, 24 In another case, a graphene photodetector was demonstrated, 10 which can accurately detect optical data streams at speed of 10 Gbit∕s, a figure that compares well to the currently used optical detectors made of group III-V semiconductors. The general topic graphene has attracted so much attention that, according to the ISI Web of Science, over 240 review articles have been published on the topic "graphene" since 2004, with nearly 90 reviews published in 2010 alone. We realize that summarizing this amount of literature (and with more articles being published daily) is a daunting task. Instead of attempting to present an exhaustive overview on this topic, we focus our efforts on three areas, which present great interest for advancing applications.
Efficient growth of graphene samples that can be used to investigate the fundamental characteristics and build devices represents an outstanding current problem. In Sec. 2 we focus on promising substrate-supported growth approaches. These methodologies represent a route for graphene integration into devices by deterministic placement in a pre-defined position on a substrate of choice. Alternatively, the substrate-grown graphene flakes can be subsequently transferred to a desired location. A number of techniques to fabricate graphene nanoribbons are briefly reviewed. For those interested in the related topics, such as synthesis of functionalized graphene, graphane (hydrogenated graphene), graphene oxide and other graphitic materials, please see Refs. 25-28 and references therein.
Understanding the fundamentals underlying the behavior of graphene is required to envisage new applications and to design, model, simulate, fabricate, and control novel nanodevices. Scaling a device down to the micro-and nano-scale often comes with unique complications and limitations that must be resolved in advance of manufacturing. Theory and computation are key enablers in reaching these goals. In Sec. 3 we are concerned with mechanical properties of graphene from a microscopic perspective. We discuss various experimental situations in which the relations of macroscopic elasticity can be used, without the need of microscopic modeling. Graphene nanoribbons are new one-dimensional materials derived from graphene and are important because taking advantage of the lateral quantum confinement provides a route for band gap opening. Their structural and electronic properties exhibit a combination of surface and edge characteristics. What distinguishes them from the widely studied single-wall, seamless carbon nanotubes, are the edge characteristics. In Sec. 4, we review the physical properties of graphene nanoribbons and their edges. Particular emphasis is placed on elastic stability, deformation behavior, and the modification of electronic properties induced by mechanical strain.
Growth of Graphene Samples
Graphene has most commonly been synthesized via mechanical or chemical exfoliation of individual layers from bulk graphite, thermal carburization of single-crystalline SiC surfaces, deposition of carbon from solid sources or vapor precursors onto single-as well as poly crystalline substrates, surface segregation of carbon dissolved in the bulk of a metal, and metal-catalyzed recrystallization of amorphous carbon. A review of all these synthesis methods along with recent developments in the chemical vapor deposition (CVD) of graphene can be found in Ref. 29 
Free-Standing Graphene
The surge in research activities on graphene could probably be attributed to one simple technique-mechanical exfoliation from bulk graphite, which involves the physical cleaving of single and/or few-layer graphene from highly oriented pyrolytic graphite (HOPG). 30 This method, also referred to as "the scotch tape technique" has, by far, yielded the best charge carrier mobilities. 31 From the exfoliated graphene sheets, nano-scale ribbons have been fabricated using lithography as a means to controllably tune the band gap of graphene. [32] [33] [34] [35] Recently, this method has been extended to prepare "graphene nanomesh" of desired size and periodicity using block copolymer lithography. 36 Reviews on the patterning of graphene nanostructures can be found in Refs. 37 and 38 Highly regular nanoribbons have also been synthesized using a wet chemical process that yields functionalized graphene. 39 Additional details on wet chemical methods to produce graphene can be found in Refs. 40 and 41. Graphene layers can be extracted from bulk graphite via chemical intercalation. In this approach, large metal atoms such as Na, Li, or K help break the van der Waals bonding between the graphene sheets. Typically this is carried out by heating a powder mixture of graphite and the metal in an inert atmosphere. 42 More recently, Zn was used to controllably remove graphene layer-by-layer from the substrates in a controlled manner. 43 Graphene sheets can also be synthesized via intercalation of Ge into graphitized SiC. 44 This method may be more suitable for large-scale preparation of crystalline graphene sheets via exfoliation directly on semiconducting surfaces.
Following the discovery of free-standing graphene, researchers focused their attention on the epitaxial and large-scale growth of graphene on substrates. In the following sections, we give an overview of the research directed on two approaches, graphene growth on SiC(0001) and on metal surfaces, that have gained significant momentum recently.
Graphene Grown on SiC(0001)
One of the popular methods to produce graphene sheets is via thermal carburization of SiC (0001). This process, observed at least four decades ago, 45 has recently received considerable attention. This is because crystalline graphene layers can be grown directly on semiconducting or insulating wafers despite the large lattice mismatch (∼19%). [46] [47] [48] [49] Another attractive feature of this approach is that conventional lithography and other processes, compatible with existing microelectronics technology, can be used for the large-scale fabrication of graphene-based devices directly on SiC and even on Si wafers. [50] [51] [52] [53] In this process, single-crystalline SiC(0001) substrates are heated to high temperatures (greater than 1000°C) in ultrahigh vacuum (UHV) or inert atmospheres. During annealing, silicon atoms preferentially desorb from the surface, leaving behind a carbon-rich surface. With increasing annealing temperature and time, a series of surface reconstructions are observed as the surface becomes progressively richer in carbon and eventually graphene is formed. The distinct feature in the synthesis of graphene on SiC is the existence of an intermediate Si-deficient (or C-rich) layer (also referred to as the buffer layer), which exhibits a (6 ffiffi ffi
reconstruction. This surface, although geometrically similar to that of graphene, is strongly bound to the underlying substrate and does not exhibit any of the electronic characteristics of graphene. Upon further annealing, graphene layer forms on top of this buffer layer. Recent studies have shown that this buffer layer can be decoupled from the substrate by annealing in the presence of oxygen or hydrogen. 54, 55 Studies have shown that surface morphology, crystallinity, graphene layer thickness, and transport characteristics are found to depend on the SiC(0001) substrate surface termination (Si vs C) SiC(0001). 56 For example, multi-layer graphene can be easily grown at relatively lower temperatures on C-terminated SiC(0001) surfaces compared to Si-terminated surfaces. 45 However, the Si-terminated surfaces yield better controllability over layer thickness. For more details, concerning the current status on the role of substrate surface termination on graphene growth-related aspects, please see the following reviews. 57, 58 One of the primary challenges associated with the synthesis of graphene on SiC has been the large-scale uniformity of layer thickness. This is because approximately 3.14 layers of SiC are required to form one mono-layer of graphene and nucleation and growth of graphene depend on the annealing ambient and the SiC surface step structure. For example, in situ low-energy electron microscopy (LEEM) observations have provided valuable insights into the mechanisms underlying the nucleation and growth of graphene on SiC surfaces. [59] [60] [61] [62] [63] [64] It is found that annealing the SiC samples in UHV favors heterogeneous nucleation of graphene at the step edges. Since surface and sub-surface carbon atom diffusivities are rather low, high temperatures are required for the formation of smoother films. However, increasing the temperature leads to a higher rate of desorption of Si, which results in localized pits on the substrate. As a consequence, rough surfaces and multi-layered graphene films are produced. In order to overcome this problem, two different methods have been successfully implemented. In one approach, high pressures of argon are used as a means to suppress Si desorption. 65 In the second approach, annealing is carried out in the presence of Si containing gas, which helps increase the Si concentration in the vapor phase and hence suppresses Si desorption. 65 In both these processes, Si desorption is shifted to temperatures higher than those nominally used in vacuum annealing. As a result, carbon atom diffusion is enhanced and leads to smoother graphene films. Variations in the quality of graphene and characteristics of devices fabricated in different laboratories can be attributed to the different processing conditions employed during graphene growth. Therefore, annealing ambient is an important factor controlling the growth of graphene on SiC(0001). More details concerning the role of residual gas chemistry on graphene synthesis can be found in Ref. 66.
Graphene Grown on Metals
Graphene films of desired thicknesses have been grown on single-as well as poly-crystalline metal surfaces using at least three different approaches: controlled precipitation of bulkdissolved carbon, physical and chemical vapor phase deposition of carbon using solid and gaseous precursors, and solid-state diffusion of carbon. [67] [68] [69] [70] Observation of graphene on metal surfaces dates back to the 1970s when researchers were primarily interested in the removal of carbon from the bulk of metals such as Ni, Pt, Pd, and Co. [71] [72] [73] UHV annealing experiments involving heat-cool cycles revealed the change in surface carbon concentration with annealing temperature; low-energy electron diffraction (LEED) patterns indicated the presence of crystalline graphitic structure. A variation of this process involves the deposition of carbon onto metal surfaces at elevated temperatures followed by cooling to obtain graphene. Studies have shown that graphene layers can be grown on metals, [74] [75] [76] [77] transition-metal carbides (for example, TiC, TaC, WC), [78] [79] [80] LaB 6 (100), 81 and hexagonal BN surfaces. 82 A comprehensive summary of all these growth experiments, characterization techniques, and the graphene-substrate interactions can be found in Ref. 83 These approaches received renewed interest in the recent years and graphene films have been grown on a variety of metals including Au, Cu, Ir, Ni, Pd, Pt, Pt-Rh, and Ru. [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] For the growth of graphene on metals using any of these approaches, factors such as bulk solubility, rate of cooling, annealing temperature and time, can influence the graphene layer thickness, surface morphology, and in-plane crystallinity.
For example, Fig. 1 shows LEEM images of mono-layer and multi-layered graphene on Pd (111) grown via segregation from the bulk. Each of the colors represents a rotational domain within (in the case of the mono-layer) and across (for multi-layer) the graphene layers. These domains are a direct consequence of the growth kinetics.
In situ LEEM experiments carried out during carbon deposition on metals helped identify the kinetic and thermodynamic factors controlling graphene growth, the development of rotational domains, and the etching of graphene. 88, [98] [99] [100] [101] [102] [103] [104] [105] Among all of the metals used so far to grow graphene, Cu proved to be the material of choice due primarily to two seminal studies that showed that large-area, few-layer, graphene can be produced on poly crystalline thin films or foils with potential applications as transparent electrodes in optoelectronic devices. 106, 107 These results generated a lot of interest in the last two years and for those interested in learning more about the the current status on this topic, please see Ref. 108.
Fabrication of Graphene Nanoribbons
Motivated by the possibility of tuning electronic and optic properties through quantum confinement, various graphene nanoribbons fabrication methodologies have been pursued. Datta et al. 109 demonstrated a lithographic method by which few-layer graphene samples can be etched along crystallographic axes by thermally activated metallic nanoparticles. They succeeded in etching μm-long crystallographic edges, making the process potentially useful for atomically precise graphene device fabrication. Li et al. 110 developed a solution-phase-derived chemical route to produce graphene nanoribbons with a width below 10 nm, as well as single ribbons with varying widths. The fabricated ribbons exhibited ultrasmooth and well-defined zigzag or armchair edge structures and behave as semiconductors. Jiao et al. demonstrated fabrication approaches by unzipping multiwalled carbon nanotubes by plasma etching 111 and mechanical sonication. 112 These nanoribbons have smooth edges and a narrow width distribution (10 to 20 nm). Most recently, Khlobystov et al. 113 have grown narrow graphene ribbons inside carbon nanotubes. The ribbons are formed via electron irradiation of functionalized fullerenes located inside the tubes. The role of the nanotube is to confine propagation of the nanoribbon in one dimension and determines its width. Therefore, this development appears to establish a much needed reliable method to produce nanoribbons with desirable nanometer scale width. Interestingly, the nanoribbons grown by this method are not flat but helically twisted.
Outlook
There are inherent advantages as well as limitations associated with the growth of substratesupported graphene. Probably, the most attractive features of using SiC is that it is a wide Fig. 1 False-colored low-energy electron microscopy (LEEM) images (field of view is 9.3 μm) of (A) mono-layer and (B) multi-layer graphene-covered Pd(111) samples acquired during annealing at ∼790°C and ∼660°C, respectively in ultra-high vacuum. Each of the colors represents a rotational domain. Incident electron energies used for image acquisition are 17.7 eV and 4.3 eV in A and B, respectively. Mono-layer graphene in A is formed by cooling a carbon-containing Pd (111) sample from ∼900°C to ∼790°C at the rate of 1 K∕s, adapted from Ref. 97 The multi-layer graphene in B is obtained by sequential cooling of a Pd(111) sample from ∼900°C to ∼790°C and then to ∼660°C. (unpublished).
band gap material, commonly used as a substrate for the growth of group III-V compound semiconductors, and is compatible with the existing microelectronics processing methods. These attributes facilitate direct fabrication of graphene-based devices. Some of the challenges involved in this process are: the use of extremely high temperatures, the availability of high-quality defect-free substrates, the presence of substrate-induced interactions that affect the transport characteristics, and the lack of a semiconducting bandgap. However, recent studies suggest the possibility of opening up the gap in graphene on SiC by using bilayers, dopants, and an electric field.
In case of graphene on metals, CVD is a promising method especially when metals with limited bulk solubility (such as copper) are used. This is because the CVD process is inherently self-limiting, i.e. graphene grows preferentially on bare metal surfaces rather than on graphene-covered surfaces. As a result, mono-layer graphene can be relatively easily obtained. Hence, CVD process enables the growth of highly uniform graphene layers over large areas even on poly crystalline films. This aspect is attractive for industrial-scale production of graphene especially for transparent conductor applications. For the use of graphene as an active layer in transistors, however, the layers have to be transferred onto non-conducting substrates. This process can damage the layer and limit the device performance.
The substrate-supported graphene can offer additional benefits. For example, studies have shown that the substrate-graphene interactions can alter the electron structure of graphene to the extent that its work function can increase or decrease (with respect to the free-standing layer) and can even behave as a semiconductor. Graphene deposited on substrates often exhibit rotational domains, which are known to affect its transport characteristics. These results are crucial to understanding the behavior of graphene-metal contacts and more studies are desirable. One can also take advantage of the domain-orientation-dependent interactions with the substrate to tailor the properties of graphene layers and graphene-metal contacts. Also, the use of hexagonal boron nitride (hBN) as an epitaxial dielectric layer appears to be promising for the fabrication of graphene-based devices. Finally, graphene/hBN bilayers and sandwich structures may offer interesting possibilities for new applications.
Mechanical Properties of Graphene: Theory and Experiment
Recent nanoindentation experiments established the graphene mono-layer as the strongest material ever measured. 5 The outstanding mechanical properties, such as Young's modulus of 1.1 TPa and 130 GPa breaking strength, 5 make this material extremely attractive for many areas of innovation, ranging from nanomanufacturing of various graphene architectures, [114] [115] [116] [117] [118] [119] [120] [121] to the use of graphene as reinforcement in composites, 13, 14 impermeable atomic membranes, 16 switches and in mass-and force-detection devices that rely on the electromechanics of the outof-plane deformations. 15, [122] [123] [124] [125] [126] To pave the way toward applications, it is important to establish the applicability of classical mechanics concepts in quasi-two dimensions. It should be noted that this issue is of great scientific importance. It was the subject of debate 127 in the area of carbon nanotubes, where a Young's modulus value of 5.5 TPa associated with this material caused controversy.
Because the carbon atoms are disposed in a geometric structure that closely resembles the basal planes of bulk graphite, the in-plane elastic properties of graphene can be inferred from the well-studied 5,128 graphite form. However, because of the discreteness in the number of layers N, the out-of-plane deformation modes, such as bending, are of a new nanomechanical nature. Plate, shell, and membrane models are often used for practical investigations of ultrathin graphene layers 123, [126] [127] [128] [129] [130] [131] [132] The well-studied bulk graphite 128 offers well-defined parameterizations for the continuum plate idealization of a free-standing N-layer graphene: a Young's modulus Y of 1.1 TPa and a thickness of h ¼ NZ 0 , where Z 0 ¼ 3.35 Å is the interlayer distance. One important question addressed here is how many graphene layers are needed before the structure exhibits this plate behavior? Another important aspect is that theoretical modeling usually assumes that the graphene layers are free-standing. However, the experimental studies are mostly carried out using either suspended 16, 122, 123, 126, 133, 134 or substrate-supported 135, 136 graphene. Hence, we will also focus the discussion on relating the theoretical modeling with the behavior indicated by experiments.
Microscopic Modeling
To understand the validity of the plate idealization it is instructive to revisit the tight-binding description of bending recently proposed by Zhang et al. 137 We begin with the well-known partitioning of the wavefunction of hexagonal planar graphene in terms of orthogonal sp 2 hybrids pointing toward the nearest-neighbors, as well as p z orbitals oriented perpendicular to the plane. Physically, the strong σ bonds formed by the overlap of the nearest neighboring sp 2 hybrids are responsible for the high cohesive energy of graphite and its high in-plane stiffness. The weak π-state bonds formed by the p z orbitals, sometimes referred to as non-bonding, 138 couple instead to the planar shape.
One important local geometric effect occurring under a pure bending distortion of the mono-layer is that each carbon atom and its three nearest-neighbors are no longer planar but located in the corners of a pyramid. This distortion causes a shift in the sp 2 hybridization. The shift can be incorporated into the planar orbital model using the π-orbital axis vector (POAV) construction introduced by Haddon [139] [140] [141] to understand strain in carbon fullerenes. In POAV, the geometrical tilting of σ i -bonds ði ¼ 1; 2; 3Þ by an angle θ, Fig. 2 , is accomplished by mixing a small degree of s-orbital with the p z orbitals, generating h π hybrids. The other important effect caused by the curvature is misalignments between neighboring h π hybrids.
The tight-binding analysis for the bending strain energy 137 indicates that the strain in the bent mono-layer can be largely captured into the torsional misalignment between the neighboring POAVs. This makes it clear that the mono-layer does not behave as a plate since it exhibits a pure bending curvature without stretching and/or compressing the strong σ network. The second derivative of the bending energy (per atom) with curvature is only 1.6 eV, according to densityfunctional theory-based calculations. 137 Bending of the multi-layered graphene was recently addressed by objective molecular dynamics 142, 143, 144 simulations. Figure 3 illustrates the obtained bending response of the bonds oriented along the principal curvature direction, on which the bending load is transferred most effectively. For multi-layers, there is a splitting with N, indicating that the bent N-layer is stretched at some points and compressed at others, in agreement with the plate phenomenology. Such calculations showed that the bending energy E b maintains a quadratic dependence on 1∕R for all N. In bent few-layer graphene, the main source of strain is instead the extension and compression of the constituent layers, confirming the σ-bond origin of strain even in the bent bilayer. Without interlayer sliding, the flexible rigidities follow an N 3 scaling. Some computed values are given in Table 1 .
For an N-layered graphene, the resulting h and Y values of the plate model are This result clearly expresses the role played by the discreteness N. With a quantified 1∕2N 2 error, the N-layered graphene behaves like a continuum nanoplate parameterized by a physically meaningful C∕Z 0 Young's modulus and a hZ 0 thickness. Interestingly, each mono-layer component now behaves as a membrane parameterized by C∕Z 0 Young's modulus and Z 0 thickness.
Mechanical Testing of Ultrathin Graphene
The above theoretical insights reflect into the various experiments conducted on graphene. In the free-standing mono-layer, the lack of σ-bond participation indicates the breakdown of the plate phenomenology. This result has implications for a broad class of phenomena, where the graphene mono-layer bubbles, 117 folds into a grafold, 118 scrolls its edges, 119 and ripples 134 in spite of its enormous stiffness. These shapes may also induce new and distinct properties. For example, a recent theoretical study indicated that double folding modifies the electronic band structure of graphene. 118 In multi-layer, the vdW forces are mediating the load transfer between layers and bending involves extension or compression of the σ bonds. The plate phenomenology is now fulfilled.
Differences between the mono-layer and multi-layer have indeed been observed in experiments. For example, thorough analyses of elastic properties carried out in connection with bending and vibration tests also indicated that in contrast with the mono-layer, the few-layer graphene is much more rigid against bending. 122, 123 Poot and van der Zant 122 performed atomic force microscopy measurements of the mechanical properties of few-layer graphene suspended over circular holes. They found that the plate behavior and the N 3 scaling of the flexural rigidity holds very well up to 10 nm in thickness. This indicates the absence of interlayer sliding and stacking faults in thin graphene samples, thus confirming the plate behavior. Garcia-Sanchez et al. 123 studied the vibration of suspended few-layer graphene at radiofrequency voltages. The elastic plate theory was applicable in the measured resonators except in those samples storing large nonuniform stresses. Chen et al. 126 demonstrated the fabrication and electrical readout of mono-layer graphene resonators. The dependence of the resonant frequencies follow a squared instead of the plate inverse-quadratic scaling with the mono-layer length. As a result, a continuum membrane is suitable for modeling the suspended mono-layer.
An interesting class of experiments 135, 136 involved bending of a cantilever beam made up of a polymer embedded with mono-layer graphene flakes. Such tests revealed remarkable insights into the behavior of these flakes under both tension and compression. It has also been noted that the effect of the lateral support provided by the polymer matrix increases the effective flexural rigidity of graphene by several orders of magnitude. This is a signature of the good mechanical coupling between the graphene flakes and the ploymeric material. Moreover, it was reported that graphene embedded in plastic beams exhibit compression Euler buckling strains, typical for the continuum. The critical strain values of the embedded graphene flakes appear remarkably high compared to those estimated for the suspended ones based on the plate model discussed above. Moreover, at a certain strain the interface between graphene and polymer weakens and fails. A post-mortem examination of these detached flakes identified the presence of permanent wrinkles, in agreement with the breakdown of the plate model in the free mono-layer.
Graphene Nanoribbons
In reality, graphene specimen is not an infinitely extended sheet, but a finite-size structure. Ribbons and patches are among structured graphene monolayers that have been studied extensively. The common characteristic of such finite 2 dimensional graphene nanostructures is the presence of edge, which can be considered as a line defect where the domain of hexagonal carbon network is terminated and exposed to the environment. Depending upon their atomic structures, graphene edges are usually classified into zigzag, armchair, combined, and reconstructed types. Physical properties of finite-size graphene nanostructures are often determined by properties of the edge itself, and may substantially differ from those of perfect graphene sheet. A well-known example is the edge state found in graphene nanoribbons, but absent in perfect graphene mono-layer. 146 
Edge Stress of Graphene Nanoribbons
The key physical variables that quantify the stability of surfaces in 3 dimensional crystals are surface energy and surface stress. Surface energy is the excess energy cost to create a new surface, and surface stress refers to the energy to deform a surface. 147 Surface energy provides information about the chemical stability of a surface considered, while we can understand the elastic stability and fundamental deformation behavior of a surface from surface stress. Surface is a planar defect of 3-D crystal and edge is a line defect of 2-D atomic crystal. Noting this analogy, edge energy is defined as the energy cost to create a new edge in a 2-D crystalline material. Edge energy is equivalent to the edge formation energy and has been calculated by many researchers for graphene nanoribbons. However, it is relatively recent that edge stress was introduced along this line of edge excess variables. Jun 148 defined edge stress of 2-D crystals as the energy cost to stretch an edge along the edge direction and, using first-principles calculations based on density-functional theory, found that pristine armchair and zigzag edges of graphene nanoribbons are both in compressive stress state. Edge stresses of hydrogen-passivated graphene edges were also calculated and found to be negligibly small, which implies that hydrogen passivation stabilizes the dangling bond of edge atoms and prevents the edges from severe elastic deformation.
Shenoy et al. 120 independently calculated the edge stresses of armchair and zigzag graphene nanoribbons using empirical molecular dynamics and obtained the same compressive edge states. A compressive edge stress means that the lower energy state of edge is the one stretched. Therefore, if we set them free to deform, graphene edges tend to stretch the edge length by rippling deformation. Shenoy et al. 120 showed that this rippling behavior is the intrinsic property of graphene nanoribbon edges, not the temperature effect, and its origin is the compressive edge stress. They incorporated edge stress values into continuum-based energetics and reproduced twisting, scrolling, and rippling behaviors of graphene sheets and ribbons through continuum finite element simulations. For nanoribbons, the influence of edge stress is so substantial that it leads to large-scale twisting deformation. Huang et al. 149 furthered the study of graphene edge stress by first-principles calculations and found several interesting quantum effects in relation to edge stresses. First, they found that values of armchair edge stress oscillate by a period of three with respect to ribbon width. Similar threefold oscillation has previously been found for the energy gap of armchair graphene nanoribbons, and explained in terms of topological analysis of the hexagonal atomic structure of armchair nanoribbons by Son et al. 150 This connection between energy gap and edge stress is a clear evidence of the electronic origin of edge stress, although their threefold oscillations are out of phase from each other. Fig. 4 shows the width-dependent patterns of edge energy and edge stress armchair graphene nanoribbons. Data was obtained by first-principles calculations based on the density-functional theory with local density approximation and pseudopotentials. Huang et al. 149 also showed that the edge magnetization of zigzag graphene nanoribbon reduces edge stress, leading to more stable and flat zigzag edges. This finding is significant because spin polarization and mechanical properties can affect mutually, i.e., not just strain-induced magnetization or de-magnetization. They also showed that the hydrogen passivation and the Stone-Wales reconstruction of edges can improve the chemical and elastic stabilities of planar graphene edges by lowering the edge energy and by converting edge stress from compression to tension.
Graphene edge can also be viewed as a boundary line that separates graphene domain and vacuum region. Recently, it has been shown that graphene can form a boundary line with edges of boron nitride monolayers 151 and poly crystalline graphenes are made of graphene grains separated by lines of grain boundaries. 152 Chemical hybridizations of graphene and boron nitride monolayers have previously been investigated such as doping of B and N atoms on graphene and replacement of carbon atom in graphene by B and N atoms. However, this domain hybridization by Ci et al. 151 is unique because the two domains are structurally patched to result in nanostructured composite materials by 2-D atomic crystal monolayers.
By using first-principles calculations, Pruneda 153 studied the electronic properties of heterophase superlattices consisting of graphene and boron nitride stripes. It was shown that the superlattices are semiconducting or semi-half-metallic depending upon the width of stripes and the atomic structure of the hetero boundaries, that is, armchair or zigzag. Li and Shenoy 154 have also verified the semiconducting property of the hybridized graphene patches embedded in boron nitride single-layer and the dependence of energy gaps upon the size of graphene patches. Jun et al. 155 have investigated the elastic properties of hybridized graphene and boron nitride mono-layer superlattices by density-functional theory calculations. They defined boundary stress of 2-D heterophase monolayers and computed the boundary stress of zigzag and armchair boundaries between graphene and boron nitride stripes. They showed that armchair boundary stress is correlated with energy gaps through the threefold oscillating behavior. On the other hand, zigzag boundary stresses are negligibly small regardless of stripe width, which indicates the elastic stability of zigzag boundary. In addition, the zigzag boundary stress is even smaller than the edge stresses of hydrogen-passivated individual graphene and boron nitride nanoribbons. It again means that zigzag boundaries are very stable and cause no intrinsic deformation.
Strain-Induced Modification of the Electronic Properties of Graphene Nanoribbons
The perfect graphene sheet, without edge defect, is a zero-gap semiconductor with the Dirac points at the six corners of 2-D hexagonal Brillouin zone. 17 However, the presence of edges induces changes in the electronic property of perfect graphene sheet. As mentioned above, hydrogen-terminated armchair graphene nanoribbons are semiconducting with direct energy gaps whose magnitudes vary with respect to ribbon width, following the threefold oscillation. In contrast, H-passivated zigzag graphene nanoribbons are metallic with the edge state due to the edge defect. 146 Furthermore, Son et al. 150 discovered that zigzag graphene nanoribbons become half-metallic under external electric field.
Lee and Choi 156 have recently performed comprehensive spin-polarized electronic structure calculations of graphene nanoribbons by considering a variety of edge terminations. The spinresolved band structures of a H-terminated zigzag nanoribbon are shown in Fig. 5 for three kinds of spin configuration (PM: without spin polarization, FA: ferromagnetic spin ordering at each edge and antiparallel spin orientation between both the edges, and FF: ferromagnetic spin ordering between both the edges. Local density approximation and spin-polarized numerical basis were used for the calculations of band structures in Fig. 5 . Spin up and down bands are drawn by red solid and dashed blue lines, respectively. In the spin-unpolarized PM band structure, the degenerated highest occupied and lowest unoccupied bands are flat in the vicinity of the X point, indicating the edge state. When considering spin polarization, the total energy, calculated in the context of local density approximation density-functional theory, tends to be lowered by the breaking of spin degeneracy or the opening of energy gap. As shown in the middle panel of Fig. 5 , the FA band structure yields a small energy gap but still keeps the degeneracy between both spins. In contrast, no gap opening is observed in the FF band structure (right panel of Fig. 5 ) because either one of spin up or down bands tends to be occupied to cause the system to become ferromagnetic, and as a result, each spin band crosses the Fermi level near k ¼ 2π∕3.
156
Mechanical strain is often applied as a means to change the physical properties of carbon nanostructures. Several experimental studies have recently reported on the strain-induced modification of electronic properties of graphene. Strain can be applied to graphene specimens by bending substrates or directly pushing them using the tip of an atomic force microscope. Motivated by recent works pointing to a remarkable stability of graphene with large strains, Choi et al. 157 have carried out first-principles calculations and theoretical analysis to explore the electronic structures of strained graphene sheet. They showed that strained graphene does not develop an energy gap with the semimetallic nature being preserved up to a 30% applied uniaxial strain. It was also shown that the group velocities under uniaxial strain exhibit a strong anisotropy and the work function of strained graphene increases substantially as strain increases. 157 On the other hand, results of first-principles calculations by Ni et al. 158 suggested that the energy gap opening of about 300 meV can be achieved by applying 1% uniaxial strain on graphene sheet. Gui et al. 159 have also reported that the band gap of strained graphene sheet can be tuned not only by the strain but also by the direction of the strain.
Electronic properties of graphene nanoribbons are sensitive to mechanical strain depending upon the edge type. Sun et al. 160 have calculated the electronic structures of deformed graphene nanoribbons using ab initio and tight-binding methods. They found that the energy gaps of armchair ribbons change with zigzag shape as a function of the applied uniaxial strain and the tunable window of the energy gap becomes narrower when the width of armchair nanoribbons increases. Interestingly, the closing of the bandgap and metallic state are not really achieved. This is due to an electron-phonon interaction Peierls-like effect. 161 In contrast, the electronic property of zigzag graphene nanoribbons was found to be insensitive to uniaxial strain. Sun et al. 160 have further performed spin-polarized calculations of the deformed zigzag ribbons. They observed that the states of opposite spin orientation are degenerated in all bands regardless of the strain condition and the band gap changes between 0.29 and 0.35 eV for the zigzag ribbons with −5.0% and þ5.0% strain. Therefore, the deformed zigzag graphene nanoribbons are semiconductor and that the energy gaps are tuned less significantly than armchair ribbons by external strain.
Liu et al. 162 have investigated the uniaxial strain effect on the band structure of zigzag graphene nanoribbons within the mean-field Hubbard model. They found that the uniaxial strain influences electron distribution along edges and changes the intrinsic gap around the Fermi energy. When the compressive strain along the armchair direction and the tensile strain along the zigzag direction are applied above 13%, the conduction band and the valence band are split and gaps appear in addition to the modification of the intrinsic energy gap. because uniaxial strain breaks the lattice symmetry and causes two different hopping energies. Strain thus impacts the ratio of the two different hopping energies, which determines the intrinsic gap and the straininduced gap. Using first-principles calculations, Jun et al. 163 has recently studied strain effects on the electronic and spin proeperties of 2-D hybrid superlattices that consist of alternating graphene and boron nitride mono-layer stripes. Fig. 6 shows the energy gap landscape with respect to the applied strains and stripe widths, when tensile strains are applied perpendicular to the boundary direction. Similar to graphene nanoribbons, energy gaps significantly vary by not only stripe width but applied strain.
The electronic behavior of H-terminated twisted graphene nanoribbons has been studied by Gunlycke et al. 164 and by Zhang and Dumitrică 121 who proposed that the band gap is determined by an effective tensional strain, Fig. 7 . The effective strain, defined as the average tensile strain around the circumference, depends quadratically on the applied twist. Microscopic simulations uncovered an atypical coupling of the twist with axial shrinking that critically impacts the bandgap variations and points to significant electromechanical differences between free-standing Fig. 6 Strain-dependent variations of the energy gap for the armchair hybrid graphene-BN monolayer superlattices. 163 Model number implies the number of armchair dimer lines in each stripe of a superlattice (i.e., the width of stripes).
and suspended graphene nanoribbons. Due to this inverse-Poynting effect, 165 suspended graphene nanoribbons appear best suited for band gap tunability under twist. The concept of an effective strain might be largely useful for understanding the electromechanical behavior of other non-ideal graphene forms, including helical rippled carbon nanotubes. 166 Ab initio studies of the optical spectra of graphene nanoribbons have been carried out by Prezzi et al. 167 and Yang et al. 168 Because of the reduced dimensionality of these structures, the optical response is dominated by prominent excitonic peaks. The binding energy of excitons in armchair nanoribbons with widths around 1.2 nm was found to be 0.8 − 1.4 eV.
Summary
Fabrication methodologies and the combination of ideal properties of graphene present large interest for different areas of engineering. We reviewed progress in substrate-supported graphene growth, and in the fundamental understanding of mechanical, electronic, and optical properties, with an emphasis on graphene nanoribbons.
